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THE BAPE Il BALLOON-BORNE CO, LASER HETERODYNE EXPERIMENT
|‘ :
1. INTRODUCTION

In September 1971, a CO, laser transmitter was flown on-board a series of
high altitude research balloons launched from Holloman Air Force Base near
Alaraogordo, New Mexico as part of the BAPE II project. The primary purpese
of BAPE 1I was to gather atmospheric propagation data using ground-based
lagers and on-board detectors (reported elsewhere). The experiment also pro-
vided a rare opportunity to determine whether or not an air-to-ground CO, laser
heterodyne link could be established using existing components which at that
time had only been tested under cortrolled conditions This report is intended
to familiarize LPE and ATS project memovers, potential contractore, and other
interested parties with the systems and techniques utilized in this first attempt
to establish an air-to-ground CO; luser heterodyne link and with the successes
and problems encountered when the heterodyne receiver and laser transmitter
package were removed from the controlled eavironment of the laboratory.

The report discusses four major topics:

1. A discussion of the existing systems and of the underlying principles
involved in their operation;

2. An account of experimental techniques and optical alignment methods
which were found to be useful in the field;

3. Theoretical calculations of signal strengths expected under a variety of
test conditions and in actual flight; and

4. A discussion of the experimental resuvlts including problems encountered
and their possible solutions.

2. INSTRUMUNTATION i

\
2.1 Telescepe and Startracker Systems

A 76 cm diameter Cassegrainian telescope with an effective focal length of
1.15m mounted on a standard tracking mount (not vibrationally isolated) served
a8 the receiving antenna for the present experiment. A 4-watt Arjon laser was
mount2d on a table inside a trailer adjacent to the tracking mount. The Argon
beam, 100% modulated by a mechanfcal chopper at 5KHz entered a coelostat
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and exited paralle] tc the scope axis from a tube whose center was displaced
approximately 48cm from the center of the receiving aperture. The Argon
beam provided a ground-based beacon for the flight package startracker and its
reflection off of cube corners on the package provided an Argon "star" for the
ground-based startracker. The 5KHz modulation assisted the flight package
startracker in distinguishing the beacon from the radiation background.

A cylinder on the flight package containing the CO, transmitter and the air-
borne startracker was capable of moving independently of the main bulk of the
package. Power was supplied through slip rings from batteries mounted iu the
main structure. The azin:uth and elevation pointing angles of the flight package
were controlled by telemetry irom the ground until the Argon beacon enter.d the
8 degree acuuisition field-of-view of the on-board startracker. At this point, the
stariracker would take command of the servo ryatems and point the peckage at
the ground-based beacon.

The startracker on the flight package consists of a detecting photodiode
layer with 2 central contact ut a negative potential with respect to four outer
contacts equally spaced along the ciiter circumference of the detecting layer.
The Argon light focused by the startracker optics onto the photodiode material
produces conduction electi'ons which cause currents to flow through the outer
contacts. Differences in the current generate poiunting error signals which are .
used to drive the azimuth and elevation servo systems until all four currents
are equalized.

When the on-board startracker is locked onto the beacon, the flight package
cube corners are {ucing the ground station. A portion of the reflected beam is
intercepted by the 76 cm diameter scope and focused on the ground-based
startracker. -

The ground-based startracker built by ITT consists of an optical lens, pho-
tosensor, and electronics. The lens system gathers and brings to focus radiant
energy at the photocathode of an image dissector. The image dissector has a
photocathode surface which forms an electron image of the focused image. It
is constructed such that, when an accelerating voltage is applied between the
photocathode and an iriernal wechanical limiting aperture, only electrons from
a particuirr area of the cathode will pass through the limiting aperture (see
Figure 2-1}. This particular area is called the instantaneous photocathode area
and when projected through the tracker lens, represems a region in space de-
fined as the instantancous field-vf-view approximately equal to 6 arcseconds.

Following the aperture {s a secondary emission dynode structure providing sig~

nal amplification. A deflection coil is positioned around the image dissestor to
provide deflection of the electron image. By applying the proper deflection
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Figure 2-1. Imoge Dissector

current, the electron image can be swept across the limiting aperture. Mode
control logic locks the tracker operation into the search mode at turn on. An
acquisition field is genorated by a 32 x 32 step raster scan with a step rate of
6.4KHz and frzme rate of 6.25Hz, The acquisition field-of-view is approxi-
mately equal to 100 arcseconds. Acquisition stops when an image of the proper
intensity and spec’ral content enters the instantaneous field-of-view and the
tracking mode of operatio~ is initiated.

In *Ye tracking mode, a 400 Hz cross scan eweep causirg pulse position and
pulse duration moduiation of the electron beam is employed as in Figure 2-2.
The cross scan pattern is geaerated by deflecting the square instantaneous field-
of-view fro:n position ""1' to form the pattern shown. The X-¥ defiection voltage
required to generate the pattern are also shown in Figure 2-2. A point source
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target at various central positions (a, b, & c¢) and the resultin; video signals are
shown iu the diagram. When the target is in positior "a", the integral of the
output signal between "1" and "3" is equal to that between "3" and "5". The X
axis error signal, which is the difference between these two areas, after proc-
essing, i8 zero. Clearly the Y axis error is generated in & similar manner from
the remaining portion of the cross pattern "5" to "1''. One example of an ex-
tended target is shown to illustrate that the operation and accuracy of the tracker
is not Yimited to point source targets. Demodulator circuits develop the analog
error which isused to control the DC deflection coil currents such that the cross
scan is centered on the target image. These error signals are used in an inter-
nal closed-loop control system to follow the target image across the photocathode
by electronically off-setting the electro-optical axis of the tracker. Thecurrent
flowing through the deflection coil consists of a DC component which is propor-
tional to the angle between the optical axis of the rensor and the target line of
sight, and an AC comporent due to the track sweep waveform. The coil current
is monitored through a low-pass filter to recover only the DC component which
is then msed 1o drive 1::e tracker mount. A block diagram of the electro-optical
tracker #& shown in Figure 2-3. Tracking error was experimentally determined
to be between 0.6 and 3.0 arcseconds rms depending on time of day and turbu-
lence. The system has a maximum double lockup range of about 32 Kilometers
by design. Furthermcre, effective system lockup is limited to elevation angles
greater than 20 degrees due to tLa fact that the tripod "feet", which support the
flight package on the ground, can block the Argon beam as they swing relative
to the cylindrical cannister containing the startracker. The cannister is, of
course, locked in a specific orientation with resp~ct to <he ground station when
the system is in autotrack. A photograph of the total ground station i8 given in
Figure 2-4.

2.2 Ground Station Receiver

2.2.1 General Description

The ground station receiver for the heterodyne link was designed to utilize
an intermediate frequency of 20 MHz. The entire receiver was mounted to a
76cm by 76 cm ~Juminum piate which was, in turn, bolted to the trunnion of the
main scope. The CO, radiation irom the transmitter was collected by the 76cm
diameter telescope described previously and was reflected from = dichroic beam
splitter placed directly in front of the startracker lens. The reflected radiation

passed by means of a licht pipe through an aperture in the bottom of the receiver

mounting plate where it was again reflected by Mirror M1 (see Figure 2-5) re-
sulting in & beam parallel to the receiver plate. The transmitter beam was
focused on the nuixer through beam splitter B2 by the Irtran lens L having a

focal length of 13cma. An Irtran lens was wsed due to its ability to pass vulble

and infrared radiation which made optical alignment much simpler.

——v:mzxi
L

S et M

g o
R P |

we

TS 3B At b R e e

ORI -
s Eaal i

%R T Y R T SR NIV M S S S e Y
\



o abs 3 Sl gk L SR S AR -‘\‘ TR T >T s e ervr S
P . : .
. e = e j
4
g
E)
{
1
b r——.--.—-.—-—-————-.—-.-—-_..—__——.._— - - - - - ‘
| T PIMER
- 10VAC Mmr
K : 1 nenus .
. |
k |
4 1 .
[ K|
L4 | i
N 3
r-------_-—--——-—————-_ﬂ I {‘_q
i P . \ ,
| | - S iy | et = s ,,
N cowmetin [oaan] CimTacy rowt n . ]
W '.'" ou " asmior l 1 | g
,.]" rotomeron G L | H .y Sy R ‘
on o | TARGAY ML SE ; —t P
l TARGEY $N.G WSS TARGE Y OMCoe VA SE
) : " T DAAARCT N CURRERT ! H ‘ ourt :
H i r‘ % 0L LI CTION CuRnENT N M 11
i 1 t
N [ PP | } ;
: LT T | J 2ag P con o QUTRUT i R .
= per] OnvER R e
® | o . . H P [ . ) ;:]
| CEMOCAATOR mTEGRATOR 1
| . ‘}
1 4
|
t TARGEY [ tad
; | P coummin ciNTROL *
2 i |
i !
§‘ ' TARGEY
! PREDE NCE STAR PAESENCE OVTIVY,
| GENERATOR
K i & Smrem v
‘- ,
. | 3 . ;
N t _J
|ancH stAnCH i
i : CoumTIR ) iuncn : ‘
' wetp ;
. P
] . i
| . -
t I tack
] CEMERATOR 3
.
. | TRACK >
. L RS |
. — e e e e e o S e . . T S o T S g S S S T N

Figure 2-3. Detailed Block Diagram of Stortracker Electronics

£k o kit NV P RN o L L CHEDREIE PRSIy SR T I

. e -

B me




aaiiacae - T B T ST A ey ey - = ST L TN TR sh e e e e i e (e e A g o P e e e e v+ nn et o e ea e
T
e — . - . . e+ et mmmec e e o e B .
- +
L . . M
) .
3
argem e o PR .
LS S, .
X o LI RY . » . B
N !
.
B .
i o)
3 1 .
&

H N
[
:
L
= ' N

;
i
: 3
L3
o e
e aem it i
.
| :
5 : &

Figure 2-4. Total System
N A '
; .
\ i
b ;
i meme e x e e - i
, PRI, =T : . !
X 1oaa g, et ;3L o i TR PR SR DU feny s
2 2 bt TS TR RN 001 o v i 50 4 e A 8 K o e 8 083 4B 4 . 1075 5t s T 5 r S AN kSRS IUE0 48t 1 2 9 o low o oot imtteim s




S——. ! - T TN e emaem s eyt s st 4 e i s et e et apa e e e s am o ke in wen e s e e e s s e

R 2 I T AT ST ST ™ Co o s T A e L S N 58 T Y S R NP M BTN O SR Ty A

PHASE INVERTING SWITCH

POWER SUPPLY AND
SIGNAL QUT RECEPTACLE

OC-DC CONVERTER

n
LOCAL
OSCILLATOR LASER
JIGNAL ENTRY PORT
45 MIRROR A3SEMALY
M1
COOLED DETECTOR
BEAM SPLITTER 82
@ == 72-4880
Figure 2-5.
‘E Y - . .

SR dmmr a8 n 4 e s s e A e e S R b1t e 3t e

Re,

s
¢ i AP B e s Ty el RSTLIP




T

. ::;‘

The Iocal cecillator laser, designed and built at Goddard Space Flight Center,
waz mrapted o the receiver pinte and pwered by, @ Arnold Magnetice Corpora-
tism DC-DC comverter which convertsd 234 VDC to 2 nominal 3500VEC, Further
detsily on the lazer Jeaigw and characteristics are given in Section 2.3.1.

The major portion (977 of the Inea} oscillztor catpui power passes through
the beam splitter Bl and is reflected off Mirrors M4 and M3, vasses through
sttenuator £ (bypically 171 tranamission). reflects off Mirror M2 and beam
splitter B2 into the miver port. The frequency of the locai oscillator is man-
ually controlled by appiring 2 DU hiae voltage from the lansing DC amplifier to
the local oscillater PZT. (Beam splitter Bl was originally included i: the ground
statirm design so that laser oscillation on the P(29) molecular line could be moni-
tored by & greting and holometer netwurk which, unfortunately, was not available
in time for the experiment.)

The combined tranemitter and local oscillator signal at the mixer output is
filtered and amplified and {ed to the ingut of a discriminator which generates a
voltage output proportional to the differcace between the intermediate frequency
(IF) and the naminal 20 MHz center {rerjuet cy of the discriminator (provided the
intermediate frequency is within the diacriminator bandwidth), The intcrmediate
frequency ie, of course, the difference hetween the trenemitter and local oscil-
lator frequencies (sce Appendix A).

The signal is then pasred through a unity gain ctrcuit which can either pass
the signal 'nchanged or invert it. The latter is included in case the voltage gen-
erated by the discriminator is of the wrong polarity for LO tracking of the trans-
mitiae laser. The signal then enters a variable gain input of the Lansing DC
amplifier which amplifies the incoming signal aad superimposes it onto the DC
bias supt:ied to the local escillatcs PZT thus compieting the fzedhack loop.

The frequency o! the local cecillator is now offset from the transmifter frequency
by 20 MHz determined. of course, by the center frequency of the discriminator
{the frequency Input to the discriminator which gives zero output voltage).

2.2.2 Mixer Characteristics

The mixer employed in this experiment was a liquid nitrogen cooled mercury-
cadmium-telluride (HgCdTe) AT photodiode biased at 200 millivolts and having
An area of 0. 16 mm?. The [-V characteristics with and without laser illumina-
tion are shown in Figure 2-6. Other mixer test data is glven in Table 2-1 where
it tnay be noted that the noise «juivalert power for the device is experimentally
found to be 2.2 x 10°'* W/Hsg, representing an almoet quantum-limited detection

capabtlity,
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Table 2-1

Mixer Test Data

Bias Conditions

Voltage 200 mv
I dark 4,09ma
I total 6.09ma
Io 2,0ma

Noise Equivalent Power Measurement

i Froequency 200 MHz
Povier Input 2.77 x 10" watts
Mixed Signal 53.7db
Noise, N ) 5.7db

S/N 48.0db
S/N Ratio 6.3 x 104
Noise Bandwidth 2 x 10° Hz

NEP 2.2 x 10°Y W/Hz

2.2.3 Characteristica of the Receiver Electroaics

The frequency bandpass and voitage output characteristics of the ground
station receiver frequency-locking electronics are given in Figures 2-7 {(a-k)
and Table 2-2, The ground station was designed so that one of two alternate
electronic systems could be chosen at will. The firat system, designed and
built by AIL, is described by Figure 2-7 and is the more sophisticated of the
two. The Lansing DC Amplifier was not part of the AIL package but was in~
cluded to fulfill a need for a variable DC bias source and a means of amplifying
the AFC output and applying it to the local oscillator PZT. The second system
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Table 2-2

Characteristics of RHG IF Amplifier and Discriminator

RHG IF Amplifier Model EVT2004

Center Frequency:

20MHz

3db Bandwidth: 4 MHz
Noise Figure: 2.8db
Maximum Power Gain: 81dh
B Maximum Voltage Gain: 101 db
Power Output: ;19. 6 dbm
Maximum Voltage Output: 8.5v/93Q

Gain Contrnl Range:

50db at -3.9VDC

Carrent Drain:

+12VDC at 100 ma

RHG Discriminator Model DT2004

Center Frequency:

20MHz

Peak to Peak Bandwidtl.:

6 MHz

Video Qutput Sensitivity:

Set at 1V/MHz

DC Output Sensitivity: 205MV/MHz
Risetime: 0.25usec
Linearity: > 5% over +2MHz

Power Drain:

+12VDC at 40ma

-12VDC at 40ma
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utilized the AIL preamplifier and the Lansing DC Amplifier but replaced all of
the iutermediate components by an RHG 20 MUz amplifier and discriminator
whose characteristics are described in Table 2-2,

2.3 Flight Package

'2.3.1 CO; Laser Transmitter

The CO, lasers used as the airborne transmitter and the ground station
Jocal oscillator in the present experiment are of a Goddard Space Flight Center
design. The laser is shown as part of the {lignt package in Figure 2-8 (a). The
tube is designed to survive the Titan 1ll C launch environment and be passively
cooled (i.e., no circulating coolants). The approach that was tzken to satisfy
both these requircments was to pot the tube into an aluminum heat sirkusing Soli-
thane 113 (Thiokol Chemical Corporation) as the potting material. This is a
versatile polyurethane potting compound whose formulation can bz varied to pre-
vide a wide range of Shore "A" hardness values. It is widely used in the potting
of spacecraft components becaunc of its low outgassing characteristic.

During potting. the tube I8 centered in the heat sink with teflon rings. The
heat sink is designed to provide a uniform 1.6 mm thickness of potting material
between the plasma region of the main bore of the tube and the sink. Thia thick-
ness varies in less critical areas. The Shore "A* hardness value of the ma-
tertal used in potting theso tubes was hetween 76 and 50.

The tube is made of Pyrex and consisis of a main bore of £.5mm d.ameter
which has a 30.5cm overall length. It has a central cathode maude of nickel and
two tung3ten pin anodes that provide a discharge leugth of 20.3cm. Located on
either side of the main bore ard intercunnected to it through & glass tee are two
gas reservoirs. These provide a total gas volume of 75cc. The tuba is equipped
with GaAs Brewstoer windows,

The optical cavity of the lasasr consists of an invar yoke that mounts around
the heat sink. One end of the yoke is mmounted firmly to the baseplate while the
other end I8 mounted with clips to permit the independent thermal expansion of
the invar yoke and aluminum baseplate.

A dielectric coated germantum mirror with 95% reflectance on the inner
suarface and an AR coating on the outer surface ia used on the output end of the
laser cavity. Tho rear mirror is 7:»m in diamoter and is rsounted on the center
of & double-disc bender Piezoelectric transducer. It has a 0.75 meter radius
of curvature and s 100% gold coated. The PZT provides a tuning range of
slightly more than 10 micrometers, Output power of the laser is approximately
.75 watts in the TE Mooq mode. .
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The laser and control electronics were mounted on an aluminum baseplate
and i{nserted into a hermetically sealed cannister as shown in Figures 2--8(a)
through 2-8(d). The cannicter in turn was positioned inside a cylindrical tube
on the balloon flight package which also contained the airborne startracker. The
direction of the transmitter beam was controlled by azimuthal and elevatfon
servo systems which were in turn driven by startracker error outputs when the
system was in autotrack.
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2.3.2 Laser Control Electronics

el

The function of the laser control electronics is to produce a scan of the
laser's operating frequency until the desired frequency is obtained; in this case,
this corresponds to obtaining operation on the P(20) line of the laser, ut a cen-
ter frequency of 28,306,251 MHz. After operation on the proper line is secured,
which tunes the laser to within nominally $+50 MHz of the final desired operating
frequency, the laser conirol electronics must ;jenerate appropriate signals to
ciause the laser to seek and remain at the peak of the operating line, which also
corresponds to the center frequency of the line.

Figure 2-9 shows a block diagram of the laser control electronics. Opera-
tion is initiated by telemetry command from the ground. With no power from
the power detector, the output from the threshold circuit is a NOT THRESHOLD
which throws the FET Switch (shown schematically as a block with two inputs)
to connect the search oscillator into the integrator. The search oscillator has
a 0.5 Hz square-wave output which becomes a triangular wave when passed
through the integrator. The triangular wave is amgiified in the tuner driver
and applied to the piczoelectric bender bimoryi. When the cavity is tuned to
the prover wavelength (the cavity length is adjusted by the bender bimorph), the
jower detector deiivers a voltage which triggers the threshold circuit. This
action throws the FET 3 vitch into position for dither stabilization.

B i et ar G IO

The d‘ther oscillator is8 operating at «5Hz and is fed to the input of the
tuner driver; this produces a frequency modulation of the laser at the dither
frequency. Because of the shape of the laser's gain curve, shown in Figure
2-10, the frequency racdulation is accompanied by amplitude modulation at the
bolometar at twice the rlither frequency when the laser is centered on the line.
M the laser is operating to either side of the line centur, the laser is umplitude
modulated at the dither frequency but with differing phase. -This Is also depicted
in Figure 2-10, By detecting the amplitude modulaticn in synchronism with the
dither {requency, a discriminator-like curve is generated that has a zero at line
center. Thus, an crroe signal is generavad that has a zero at lire center, and
the tuner is driven until the laser is operating at line center.
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A level sensing and inhibit circuit is included to prevent lock-on at either
extreme of the range of the tuner driver and thereby prevent lock-on on par-
tial profiles. The range of the ramp voltage is chosen so that the cavity length
can be changed by an amount greater than one-half the wavelength of the P(20)
line. This guarantees that the P(20* line will be found at some interior point
well within the range of the tuner d-iver. A typical bolometer response, due

to the imposition of the 0.5Hz ramp voltage on the tuner driver, is shown in
Figure 2-11.

P(20) P(20)

N>
-t

BOLOMETER QUTPUT (ARBITRARY UNITS)

Vmin Vmax

PZT VOLTAGE
Fipure 2~11

1
1

Because thermal variations betv-zen the active and compensator flakes in
the bolometer image circuit occur over extended periods of operation, a spuri-
ous voltage is gradually built up at the output of the bolometer. This voltage
eventually reaches a magnitude capable of triggering the FET switch giving a
THRESHOLD reading even when the laser is not operating on the P(20) line. For
this reason, it is necessary to cancel this voltage periodically. This is done in
the following mauner. A counter, made up of a series of flip-flop circuits,
counts the square wave pulses generated by the £.5Hz oscillator. When (after
a preset period of time) all of the flip-flop circuits are in the "on" mode, a
voltage is generated at the output of the coizater which causes a chopper to block
the input to the bolometer. At that time ihe voltege which has been generated
as a result of thermal drifts is fed to a bigh Q capacitor which applies the voltage

e R Y

1

TSI VT RSIERT S R A SR () 4‘"5‘.15;1"; P

. H . ) > le
PRIRRSIN G VA TSNP ST T

i vt s 10 amaot  el SRL




S e

(AT et

O
L

Hutuidss s

T e N T KR L AP

at one input to a differential amplifier thereby cancelling the thermal effect.
The chopper blade then returns to ‘s origiral position and the system again be-
gins the search and dither operatio.. .lescribed above. In the present experi-
ment, the period between thermal rescts was 256 seconds. At each reset, P(20)
linc operation was interrupted for 2 seconds. ‘

3. PRE-FLIGHT ALIGNMENT PROCEDURES

3.1 Initial Alignment of Ground Station Receiver Optics

Because of the small detector size (~0.16mm?), the narrow field-of-view
(~ 8 arcseconds) and the low signal levels (~ 10 watts) expected over the
1.%km horizontal range, it was advisable t3 carry out some sort of optical align-
ment procedure before mounting the ground station on the 76 cm diameter scope.
Mirror M1 (see Figure 2-5) was temporarily replaced by a mirror capable of
accepting an incident beam parallel to the ground station baseplate. A helium-
neon and a CO, laser were placed on a table next to the ground station as in
Figure 3-1. The beam from the two milliwatt He-Ne laser was reflected from
a dichroic beam splitter to a 30cm diameter flat approximately 34 meters away
from the ground station receiver. To simplify the alignment procedure, the
beam divergence was reduced by a passing the beam through a collimating tele-
scope which allowed easy visual observation of the He-Ne spot at all points in
the alignment network. The azimuthal and elevation tilt angles of the flat were
adjusted so that the center of the beam fell ct: “he aperture of the removable
mirror at a height above the baseplate equal t. tke height of the local oscillator
beam. The tilt angle of the removabie mirror was then adjusted to pass the
helium-neon beam through the center of the lens L.

The He-Ne and CO, transmitter beams were then made collinear by buining
heat sensitive paper at two points along the He-Ne beam path. The separation
distance between the two points was limited to about two feet due to the attenua-
tion of the beam splitter and a fairly rapid CO, beam divergence. The use of
small (~4 mm diameter) apertures at the two pointa aided in the alignment which
was carried out by adjusting the CO, laser orientation.

1

The CO, signal was chopped at 450cps and the detector mount was adjusted
for optimum signal. The signal was then maximized with respect to lens trans-
lation and focal point. The crosshairs on the eyepiece were centered on the
helium-neon spot and the eyepiece travel adjusted for best focus and minimum
parallax. The lncal oscillator beam was then centered on the detector by adjust-
ing Mirror M2, after wkich the removable mirror was again replaced by Mirror
M1. The ground station was then ready to be mounted on the 76 cm diameier
scope.
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Figure 3-1. Initial Alignment of Greund Station Receiver Optics
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3.2 Boresight Procedure for the Telescope, Lasers, and Coelostat Optics

A view of the total optical network used in the system boresighting proce-
dure is given in Figure 3-2. The beam from a 4-watt Argon laser passes be-
tween the chopper blades, through a central aperture in Mirror A, and reflects
off of the dichroic beam splitter. The purpose of the chopper (which is not used
in the boresight procedure) is to provide a 5§KHz modulation of the outgoing
Argon beam to enable the flight package startracker to distinguish the laser bea-
con from the radiation background. Similarly, the CO; laser output is often
chopped to assist in the final alignment of the ground station receiver described
in the next section. During an actua' heterodyne experiment, the CO, chopper
is not used.

After nassing through the chopper, the CO; beam enters a collimator where
the beam divergence i8 reduced by a factor of 5 to allow greater signal return
from the cube corner. Mirror C ;s oriented so that the Argon and CO; spots
are superimposed at the dichroic beam aplitter. Both beams (Argon and CO,)
travel on to Mirror B where they are reflected to Mirror D. Mirror D is indi-
cated by dashed lines because it {s only present Caring a portion of the boresight
procedure. U Mirror D i8 in the position shewn, the Argon and CO; beams are
deflected to spherical Mirror E which focuses both beams onto heat sensitive
paper taped on the screen. The tilt angle of the dichroic beam spiitter is ad-
justed until the focused Argon spot and the CO; burn spot are superimposed
(they are superimposed at infinity implying that the beams are parallel). Since
thiey have already been superimposed at the dichroic beam splitter, the two
beams are therefore collinear. The telescope '""T" is adjusted so that the two
fucused spots fall on the instrument's crosshairs and Mirror D is removed.
Mirror B is then adjusted so that the laser beams pass through the center of the
light pipe leading from the trailer to the coelostat optics. The bzams then travel
out o1 the laser tube to the bo.esight target. If a heterodyne 2xperiment off the
cube corner i8 to be performed using the CO; laser in the trailer as the trans-
mitter, the last coelostat mirror is tilted so that the cube corner on the target
board 0.6 Kilometers away i8 centered on the crosshairs of the telescope inside
the trailer since the telescope crosshairs indicate the dircction of travel of the
laser beams. On the other hand, if a boresight at infinity is desired, the last
coelostat mirror is oriented so that the telescope crosshairs fall on the second
target crosshair, The latter is cisplaced from the cube corner by an amount
equal to the distance between the center of the receiving aperture of the main
scop~ ard the center of the laser tube bore. Similarly. the trackerscope, which
is used by the trucking mount operator to bring the target within the acquisition
field-of-view of the startracker, is focused on the first target crosshair which
is displaced from the cube corner by an amount equal to the distance between
the centers of the receiving apertures for the tracker ard msain scopes. During
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an actual balloon flight, similar alignment procedures could be carrieu out
using the balloon as a target roughly approximating an object at infinity.

3.3 Alignment of Ground Station to Startracker Optics

Aiter following the procedures described in Section 3.2, final adjustments
of the ground station optics were made. The mount was piaced in the autotrack
mocde using as a source the "'star" produced by the reflection of the chopped
Argon beam off of a 5¢cm diameter cube corner at a range of 0.6 Kilometers,
The Mirror Mi on the ground station was adjusted until the Argon "'star' ap-~
peared at the center of the crosshairs in eyepicce E (see Figure 2-5). At this
point, the chopped CO, signal off the cube corner could usually be detected di-
rectly by the ground station detector. The output of the detector was amplified
by 20db and displayed on an osciiloscope. The signal was then maximized with
respect to Mirror M1 and lens L. The eyepiece was then adjusted, if necessary,
to correct for any movement of the Argon image due to the optimization proce-
dures. A typical peak-to-peak signal levei at the input to the cscilloscope was
100 millivolts.

In a few rare instances, the CO, signal was not observed when the Argon
"star" was centered on the crosshairs due to unavoidable thermal and mechani-
cal ""drifts" in the optics. If this was the case, the teleccope mount was taken
out of autotrack and placed in « manual mode. Scanning in the area around the
cube corner target usually produced a signal at the CO, detector. The CO, de-
tector was then "walked" into alignment witk. the startracker by slowly displacing
the scope from the point of m:aximum signal to the autotrack point while simul-
taneously adjusting Mirror M1 for :naximum signal. This procedure finally re-
sulted in a CO, signal when the system was in autotrack and the optimization
method described above could then be employed.

Once the signal was optimized, the 5cm diameter cube corner was replaced
by & 0.95cm diameter cube corner at the same runge. This resulted in more
accurate tracking by the startvacker since the Argon image more closely ap-
proximated a "point" source and allowed even finer alignment of the ground sta~
tion to the startracker optics. However, directly detected CO, signal levels at
the input to the oscilloscope were quite small (typically 3 millivolts peak-to-peak
when optimized and amplified by 20db) due to the reduced intensity of the return
beam resulting from the smaller cube corner diameter.

3.4 Alignmeﬁt of CC; Transmitter with Return Argon Beam

Realignmen! of the flight package optics was carried out prior to each flight
by 2 method iliustrated in Figure 3-3. The flight package startracker locked onto
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the "star" provided by a 10'milliwutt Argon laser located approximately 34 me-
ters away. A liquid nitrogen cooled CO, detector was displaced from the Argon

" becam steerer by a distance equal to the displacement between the eastrance port

for the startracker optics and the exit port for the CO; transmitter, about
3%9cm. The initial CO; beam direction was determined by burning heat sensi-
tive paper ard the mirror controlling the direction of the CO, beam was ad-
justed for an initial rough alignment. Fine adjustment was achieved by alter-
nately breaking lock, rotating the package until the signal (chopped) at the CO,
detector was optimized, adjusting the mounting screws on the laser package and
returning to lock. This process was repeated until the signal wus optimized
with the startracker locked onto the Argon star. This alignment procedure in-
sured that the returning CO, beam would be parallel to the cutgoing Argon beam
to withia 0.5 milliradians and hence, the 76 cm diameter scope would be well
within the 5 n.illiradian CO, “'cone".

3.5 Heterodyning with the Flight Package over the 0.6 Kilometer Test Range

As menticned previously in Section 2.2.1, the ground station mixer had an
effective ficld-of-view of 8 arcseconds and was aligned such that it focused on
the same spatial poir* as the startracker. Thus, when the tracking mount was
in the autotrack mode, the Argon ''star' appeared on the crosshairs of the re~
ceiver eyepicce. In Section 3.4, however, it was noted that the return Argon
beam was displaced from the CQC; transmitter port by about 30cm but that the
two beams were parallel. At a range of 0.6 kilometers, this displacement
amounts to 2 separation of 0.5 milliradians or 103 arcsecords. Thus, with the
system in autotrack, no signal could be observed from the infrared mixer at
this short range since the laser was out of the field-of-view of the mixer. The
situation was remedied by holding a2 flaghlight at the exit purt fcr the CO, trang-
mitter. The signal from the ilashlight was easily observed through tne eyepiece
on the ground station receciver. Mirror M1 on the ground station receiver was
then adjusted unti! the focused white spot was ~entered on the crosshairsg, At
this point, the CO, signal appeared at the mixer output and Letesodyaing could
begin. After the heterodyning experimentation was terminated, the ground sta-
tion could then be returned to its original alignment with the sturtiacker Ly re-
adjusting Mirror M1 until the Argon "'star" was again ceatered on the crosshairs.

4. THEORETICAL CALCULATICNS OF SiGNAL STRENGTHS

4.1 Signal Strength from 8 5cm Diameter Cube Corner at a Range of 0.6
Kilometers

‘The equation for the received signal strength is:

Acc Tee 4-1)
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whera:

Py = Transmitter Power = 6.5 watts

T, .= Round Trip Transmissiona of Atmosphere (1.2 Kilometer Path

- Length) = 0.5
. Acc = Area of Cube Corner = 7.85 x 10~ mn?
ST
: ? Tcc = Transmission of Cuhe Corner = 0.90
P B
¢ i:{ 91 = Transmitter Divergence = 1 x 10~ Radians
N
' # R = Range = 0.6 x 10° Meters
.t
g Tyo = Transmission of Mount and Ground Station Optics (Nine mirrors, one
{ E ; lens, two beam splitters) = 0.15
| ;
[ gﬁ l F, = Fraction of Power Returned by Cubs Corner Intercepted by Receiving
i 5 ‘ Aperture
; !
% ‘ Since the cube corner returns the incident light directly back on itself, the

center of the return beam iies at the center of the laser tube and not at the center
of the receiving arerture which is digplaced 48.2 cm away from the laser tube
center. The fraction of power intercepted by the receiving aperture is calcu-
lated with :he aid of Figure 4-1 and the following equation for the radius rc of

the return beam.

T (e

T

b ]
ro = 6ccR =(‘——f)—"—“) (4-2)

S B
b

where:
8cc = Cube Corner Divergence
A =Wavelength of the Radiation = 10.6 x 10® meters
D = Diameter of the Cube Corner = 5 x 10 meters
and -

R =Range = 0.6 x 10° meters
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Thus we obtain a value ro = 15.5cm. Only a small fraction of the returning
radiation is intercepted by {1e receiving aperture. This fraction is calculated
to be approxima‘ely 0.1. From equation 4-1, we calculate a value of 3 x 10
watts for the received signal power assuming perfect pointing.

4.2 Signal Strength from a 0.95cm Diameter Cube Corner at a Range of 0.6
Kilometers :

We substitute Acc = 2.84 x 10 m in equation 4-1 and D = 0.95 x 10 m in
equaticn 4-2. This gives ro = 81.5cm for the radius of the returning beam and
a value of 0.25 for F,. The resulting signal strength at the mixer is 2.7 x 107
watts.

4.3 Signal Strength from a 30cm Diameter Flat at a Range of 0.7 Kilometers

The equation for received signal strength is:

— An AR
Sk = Pr (x ©r R)’) Ta Tro (w ©r R)f)

P; = Transmitter Power =1 Wa&

Ay = Mirror Aperiure = 0.283 m?

0; = Trapsmitter Divergence =2.5 x 1072 Radians

R =Range = 0.7 Kilometers

Ap =Receiver Aperture = 0.455m?

T, = Round-trip Atmospheric Transmission at 10.6 Micrometers = 0.6

Tyo= Transmission of Total Optics (Ten mirrors, one lens, two beam
splitters) = 0. 14 .

Substitution of the above parameters gives an expected signal strength of
1.1 x 1073 watts.
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4.4 Signal Strength from a Balloon-Borne CO, Transmitter at Ranges Between
0.6 and 30 Kilometers

The -equation for received signal strength is now:

Ar
Sg = Pr (;_(O—I_'F)i) Ta Tro

where:
Py = Transmitter Power = 0.5 Watts
- Ag = Receiver Aperture = 0.455m?
0r = Trausmitter Divergence = 2.5 x 107 Radians
R =Range
T, = Atmospheric Transmission at 10,6 Micrometers = 0.6

Tro = Transmission of Total Optics (Four mirrors, 2 beam splitters, and
a lens) = 0.26

At a range of 15 Kilometers, the expected signal strength is 8.0 x 107 watts.
At 30 Kilometers, the expected value is 2.0 x 107 watts. At tke test range
value of 0.6 Ki.ometers, the signal strength would be 5.0 x 103 watts.

6. RESULTS

The CO, flight package flew ou four separate occasions. On the first two
flights, valve ieaks caused the balloons to land prematurely so that very little
time was available for experimsontation. Oa the last two fl:ghts, the balloons
were launched outside the 32 kilometer Argon lock-up range with the expectation
that the prevailing high-altitude winds would carry the flight package over the
ground station. Unfortunately, in both instances, the balicon drifted even farther
down range and hoverad at typical ranges of 57 kiloneters and at elevation angles
below 20 degrees. For reasons given in Section 2.1 either of these factors
would make a double Argon lock-up virtually impcssible to achieve. Without the
latter, attempts at heterodyning with the flight pazkage could not even be initi-
ated. Nevertheless, valuable information on the jserformance of the CO; trans-
mitter in flight was obtained from the telemetry readout of the flight package
bolometer output. Also, the heterodyne experiments over the horizontal range,
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in addition to providing an opportunity to develop valuable field alignment tech-
niques and to obtain data related to signal etrengths over long-range paths,
pointed out certain areas where system improvement is needed. These are dis-
cussed in the following sections.

It should be mentioned that, the flight package was able to lock onto the
ground-based Argon "star' for a brief period in spite of the extreme range and
low elevation angle, but the ground-basec tracker could not lock onto the much
weaker return beam. While this allowed atmospheric propogation measure-
ments to be made on the Argon beam using on-board detectors with manual
tracking of the flight package (the latter data is reported elsewhere), the manual
tracking error was too great to allow meaningful attempts to establish a lock-up
between the CO, transmitter and the local oscillator due to the narrow field-
of-view (+4 arceeconds) of the ground-based CO; mixer. (In the automatic
tracking mcde, the worst case root-mean-square peak-to-peak tracking devia-
tion was measured to be about 3 arcseconds. Under optimum conditions, the
same quantity was measured to be about 0.6 arcseconus.) In addition, the star-
tracker interfered with the operation of the CO, transmitter as discussed in
Section 5 2.

5.1 ge_g.g;jogyne Beats Over the Horizontal Range

A number of heterodyne experiments were carried out over a horizontal
range of approximately 0.6 kilometers. Reflections from flats and cube cor-
ners provided the transmitter beam for some of these experiments which uti-
lized the optical system shown previously in Figure 3-2. In addition, hetero-
dyne beats were obtained from tne flight package over the horizontal range with
both startrackers locked onto their respeciive V'stara". The expected optimum
signal strengths were calculated in Sections 4.1 through 4.4.

In contrast to the highly stable heterodyne beat azually obtained in the
laboratory, the beats observed in the field experiments were oscma.tory in na-
ture ae is evident from the accompanying ﬁgures.

Figure 5- is the heterodyne beat obtained from a 30cm flat at a range of
9.7 kilometers. In this particular experiment, the AIL package was eraployed
and the tracker mount power was turned off. In subeequent experiments, when
the tracker mount power was turned on, the AIL packag was unahle to even hold
the beat on the RF spectrum analyzer screen for a reasonable length of time.

In the remaining set of photographs, the back-up system was utilized with

the tracker mount power. on. Figure 5-2 shows the beat from a 0.95cm dlame-
ter cube corner at a range of 0.6 kilometers, while Figure 5-3 shows the beat
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Figure 5-1. Heterodyne Beat From 30cm Flat

from the flight package over the same horizontal range. As iz evident from the
oscilloscope traces, the beats are again highly oscillatory. It has since been
determined that the oscillation is due primarily to AC nouise pickup in the high
gain loops.

The sources for this noise and the manner in which its deieterious effect
on the stability of the laser beat frequency might be eliminated is discussed in
the final section of tiis report. In spite of the unstable beat frequencies, the
observed signal strengths and the stability of the optical alignment were en-
couraging. It should be mentioned that local oscillator power on the detector

could be increased by almost a factor of ten v:ithout exceeding the detector limits.

This would result in signal strengths almost ivdb larger than those reported
here. .

5.2 Performance of the Flight Package

The performance of the laser transmitter was monitored by a telemetry
readout of the bolometer onto a strip chart recorder. As described previously
in Section 2.3.2, a non-zero reading is obtained only if the laser i3 operating
on the P(290) izolecular line. The level of the reading is an indication of the

i

e s L T N R - A4 )

A £ v

.
ZE2 O AR TS SRUPST

i
¥

Ly ke ks

-
A . Y .
LA e W Rardet, A enie b i .A.:.‘.-;zwz.‘swfw;ﬁ

-

:..u‘.a ‘\g‘ :

e

o g8

3 ET WX I PR, g
.



O

e

o b dee

AR AN

et e e
MR TR LA s . N Fmast s et exRfOlAE WA Y By i TGN e i, crey oa AT A 1

AMPLIFIER
GAIN CURVE

ZERO
FREQUENCY
MARKER

Figure 5-2. Heterodyne Beat From 0.95cm Diameter Cube Corner

amount of power degradation over an extended period of time. Figure 5-4 dis-
plays portion: of actual in-flight readings of the bolometer response. Figure
5-4a shows a typical warm-up period. At the extreme right of the figure, there
is a Jharp rise in the bolometer output as the laser control electronics secures
operation on the P(20) molecular line of CO, seconds after the laser power is
turned on by telemetry command. The ambient temperature was recorded to

be -60° ut an altitude of 63,000 fret. As the system attempts to reach thermal
equilibrium with its environment, the voltage reading rises due to the fact that
the incident laser energy on the active flake is causing the teraperature to rise
more quickly than in the compensator flake. Ai the samez iime, the laser cavity
length is changing due to temperature variatione, <ausing the P(20) peak to move

with respect to the PZT voltage axis in Tigure 2-11. As the peak on wuich dither -

stabilization has been actuirez zpproaches the extreme range of the PZT tuner
driver, the level sexsin;. and inhibit circuit (Section 2.3.2) breaks lock, causing
a sharp dvz, 1n voltage. This occurs several times before operation is secured
i a P(2?7) line at a diferent point of ithe PZT voltage range as evidenced by the
lower voltage level of approximately one minute duration seen prior to the first
“reset". As the cavity length continues to drift, this lock is broken and the sys-
tem alternately reacquires and breaks lock.
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At the end of the first 256 second period, the chopper described in Section
2.3.2 blocks the beam to enable the laser control circuitzy to cancel the spurious
voitage resulting frora the aforementioned thermal drifts. At this point, the
0.5 Hz ramp voltage is reapplied to the FZT, and dithcr stabilization is re-
established on the P(20) line. The second reset shows the nulling of another
small positive error after which thermal equilibrium is atlainea. A half-hour
period of normal operation is shown in Figure 5-4 where all power on the
payload was turned off except for the laser package and telemetry. .

The in-flight performance of the CO, transmitter package was normal ex-
cept for what seems to be an interface problem with the startracker circuitry.
During a typical balloon flight, the laser control electronics were unaffected by
the simultaneous operation of the other on-board-circuitry such as telemetry,
the servo systems for the azimuth and elevation axes, oi-board detectors, or
stactracker power circuitry as demonstrated in Figure 5-4b and the period in
Figure 5-4c prior to "Payload Lock-up." However, when the on-board star-
tracker actually locked onto the ground-based Argon "star" the operation of the
CO, transmitter on the P(20) molecular line was interfered with, This effect
appeared as u series of rapid "resets' on the strip chart recorder output of the
bolometer response as shown in Figure 5-4c. An attempt to duplicate the latter
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effect on the ground by the application of mechanical shock and/or movement of
the flight package over rough terrain on the back of a truck, with both startrack-
ers locked, failed. No interference with P(20) Jine operation was observed, al-
though high frequency noise of a few millivolts amplitude was observed on the
DC input lines to the transmitter package when the system was in autotrack.
Placing the transmitter on its own batteries and the elimination of possible
ground loops in the flight package had no effect on the interference in flight.

6. DISCUSSION

6.1 Sources of Noise

An analysis of noise in the ground station AFC loop revealed that the Lansing

DC amplifier passed harmonics of 60 cycles directly into the local oscillator
PZT from the external iine power source. The magnitude of these harmonics
were of the order of 5 11iliivolts at cthe PZT. As the gain of the loop was in-
creased to improve the lock, large oscillations at 120 and 240Hz (on the order
of two volts) were observed at the output of the discriminator before an effective
lock could be establislied. These oscillations occurred simultaneously with the
onset of oscillations in the heterodyne beat frequency observed on an RF spec-
trum analyzer. The frequency response of the Lansing, which, unfortunately,
was the only DC amplifier available at the t‘me of flight, was barely suificient
to track the noise it was introducing into the system as is evident from Figure

2-7(k).

A source of noise in the 6 KHz range was the chopper in the DC~DC conver-
ter which was used to power the local oscillator. Because of power limitations
on the t- acking mount, it was ne~essary to supply DC voltage to the DC-DC con-
verter and the AFC circuit from the same sonrce. This allowed the 6.1 kilo~-
hertz irequency to enter the high-gain AFC loop over the DC supply lines. Ca-
pacitive coupling to ground at the output of the DC-DC converter improved the
situation only slightly. Noise at these frequencies can be important since re-
cent experimentation reveals that the Double-Disc Bender Piezoelectric trans-
ducers used to tune the local oscillator in the present experiment exhibit reso-
nances in precisely this frequency range. The exact resonant frequency will
depend not only on the characteristics of the PZT but alsc on the manner in
which it is mounted and the amouat of loading caused by the mirror.

The peak-to-peak shift in beat frequency as a result of a sinusoidal voltage ap-
plied to a Double~-Disc Bender Piezoelectric transducer on the local oscillator
is plotted as a function of the applied frequency in Figure 6-1. An extremely
large resonant peak in the 3.7KHz range is evident from the plot. The Double-
Disc Bender PZT requires fewer volts per megahertz of laser frequency shift
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than the standard ceramic disk whose typical frequency response is given in
Figure 6-2. The difference in voltage requiremenis is evident from the two
graphs. It should be noted that the ceramie disc is characterized by mucth
smaller resonances in the region beyond 14 KHz.

Radiative pickup was a serious problem since the tracking mount behaved
like an antenna for frequencies in the 15 to 50 MHz range. Considerable ncise
in the neighborhood of the 20 MHz center frequency appeared at the output of the
preamplifier stage in the AFC loop when transmission of the IF beat frequency
signal through the tracking mount slip rings was attempted. This noise was
capable of generating false error voltages in the discriminator which further
reduced the lockuj: capability of the system. Taking the signal directly from
the preamplifier output without going through the mount slip rings seemed to
eliminate this radiative pickup.

The tracker n:ount servo system which anerates at 400 Hz also had an effect
on the local oscillator frequency. An amplitude modulation at 400 Hz in the oui-
put of the local oscillator when the servo system was turned on indicated an ob-
vious electrical interaction between the laser and the tracking mount which
seemed to be more important than mechanical vibration. It is believed that
small sinusoidal voltages at 4001}z apneared at the input to the local oscillator
PZT as a result of ground loops. This would result in a modulation of the reso-
nant frequency of the cavity and a resulting amplitude modulation of laser output
power due to the shape of the CO, Doppler linewidth.

6.2 Suggested Guidelines fc.r Future Systems

Since even low level noise appears to have a significant effect on the per-
formance of the high~gain ground station electroni~s, precautions must be taken
to eliminate mechanical and electrical disturbances. To this end, it is suggested
that future systems have no mechanical or electrical contact with the tracking
mount which is the major source of vibration and electrical noise. An alterna-
tive approach would be the use of a coelostat or similar device to transfer the
beam to an eoptical table inside an adjacent trailer or to a ground station network
below the mount. The local oscillator could then he powered by conventional
supplies and the aeed for small DC-DC converters, which introduce kilohertz
range noise into the feedback loop, would then be eliminated along with several
grounding problems.

The weak link in the ground station electronics is the Lansing DC amplifier.
Efforts must be made to build an amplifier with a much flatter frequency re-
sponse curve and a bandpass to at least several hundred cycles. Furthermore,
it is suggested that the amplifier be powered by a DC voltage to eliminate low
frequency AC ripple at the input to the piezoelectric transducer.
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Piezoelectric transducers which do not heve potentiaily troublesome res-
onances or mounting techniques to eliminate the resonarnces should be sought.

~ Although a frequercy response similar to that showa in Figure 6-2 is more than

adequate, the voitage required to drive this type of transducer makes it unattrac-
tive for spacecraft use.

A grating and holometer network similer to that used on the flight package
should be installed in the ground station to monitor the frequency of the local .
oscillator. Furthermore the field-of-view of the ground-based CG;, detector ~ - - '
should be enlarged. These changes would greatly facilitate the search for a
heterodyne beat during an actual flight situation.

Further research into the causes of the startracker interference with the
CO, flight pac:age operation is necessary to determine if mere {iltering of the
DC power lires leading to the package is sufficient to eliminatec the interface
problem.
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APPENDIX A

OPTICAL HETERODYNING

In a heterodyning experiment, the electric field incident on the mixer is
given by:

-ﬁ(t) = fr cos 2% vy t + ELO cos 27 vig t + ¢)

where the transmitter and local oscillator frequencies vy and v are equal to
the P(20) molecular line frequency (~28 THz) to within the latter's Doppler band-~
width (+50 MHz). We have also allowed for a phase difference ¢. The power
into the mixer is proportional to the electric field squared or

Pt) = E;2 cos? @rwp t) + E ;2 coa” @mwvg t+¢)

+ 2_‘51- fm cos (2x vy t) cos (2xy g t + @)

By a few well-known trigonometric identities this can be rewritten as

2 2 2 2
P) = E—T——E—El'-o— + ?_27_ cos[zt (20,)t]+£%0- cos[zr @vig)t + 2¢]

+ Er Bip cos [2: (p +vo) t + ¢] + Epe Eip cos [21;(9T ~yolt -¢]

Ignoring the DC component, we can see that all of the above items are oscil-
latory at frequencies on the order of 56 THz (twice the P(20) frequenry) except
for the last term corresponding to our Intermediate Frequénce (IF). The latter
is the only frequency whick lies within the response bandwidth of the mixer and
is limited to apprcximately 50 MHz by the Doppler bandwidth of the molecular
line. Thc phase ¢ of the wuve 18 unimportant since its value only depends on
the time origin chosen. Note, however, that the amplitude cf the IF frequency
depends on the scalar product of E; and E,. Thus, no signal is detected if the
polarization of the two beama are orthogonal at the mixor and we get maximum
signal if they are parallel. This must be taken into consideration in the design
of a heterodyne system. '
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